Background Although carpal tunnel syndrome is the most common compressive neuropathy, there is no comprehensive theory of its etiology. Because of the prevalence of night symptoms, we are interested in the role of sleep position in the causation of carpal tunnel syndrome. Methods We performed a case-control study comparing the prevalence of preferred sleep position in 68 cases and 138 controls. Analysis was stratified by age and gender and controlled for body mass index. Results We found a strong and significant association between a preference for sleeping on the side and the presence of carpal tunnel syndrome in men and in women less than 60 years of age. Body mass index was associated with carpal tunnel syndrome in women but not men. Conclusions Our findings of a strong association between the presence of carpal tunnel syndrome and preferred sleeping on the side suggest a comprehensive unifying theory of causation.
Introduction
Carpal tunnel syndrome (CTS) is the most common compression neuropathy with an estimated 400,000 procedures performed in the USA per year to release the carpal tunnel [15] . In spite of this huge burden of illness, the etiology of CTS has not been clearly elucidated. There has been a lot of interest in the work attribution of CTS and especially the potential that CTS could be caused by use of a keyboard; however, recent literature revealed significant weakness in the evidence linking CTS to work activity [17] . In fact, Atroshi has found that use of a keyboard may be protective of CTS [2] . While the potential for work causation of CTS has received a lot of interest, there has also been a lot of epidemiologic research investigating the associations of CTS not necessarily related to work. It has been repeatedly shown that CTS is associated with age [5, 22, 26] , gender, [1, 22, 26] , body mass index (BMI) [4, 7, 23, 24] , pregnancy [25, 28] , and wrist morphology [8, 12, 21, 27] . At this time, however, there has been no hypothesis that links these associations into a coherent comprehensive understanding of causation of CTS.
Gupta [11] , Mackinnon [18] , and others have elegantly laid out the ultrastructural and pathologic changes that can occur with nerve compression. It has been shown that wrist deviation increases the pressure in the carpal tunnel [30] . We have been interested in the night-time symptoms of CTS and the possibility that sleep position may be related to wrist deviation and play a role in causation. Most patients with CTS report night-time symptoms [13, 29] , and an effective treatment of CTS is night-time splinting. We have performed an extensive literature review and reported our hypothesis that sleeping in a lateral position is an important link in a causal chain of events that ultimately can lead to CTS [19] . Testing this hypothesis, we have subsequently found that sleeping in a lateral position (on the side) is more common in women than men, and the proportion of women who report they prefer to sleep on their side increases with increasing age [20] . These are two previously unlinked epidemiologic associations of CTS that support our hypothesis. We found no association between BMI and preference for sleeping in a lateral position, or age and preference for sleeping in a lateral position in men.
Our hypothesis of sleep position as an important causative step in a mechanism of causation of CTS further predicts that CTS will be associated with sleeping in a lateral position. To test this hypothesis, we designed a casecontrol study.
Methods
We performed a case-control study with patients from a large urban primary care practice. The study was reviewed and received approval from the University IRB. Our general research strategy was to use a control population, selected from the previous cross-sectional survey, as a population to measure the underlying preference for sleeping on the side and other parameters of interest. These primary care patients are from the same study base from which the cases would be selected.
The cases of CTS were patients referred to an urban Hand Surgery specialty office with a chief complaint of numbness or tingling of the hands. Cases were identified by their chief complaint and through the history and physical examination by the hand surgeon. Exclusion criteria were an obvious cause of numbness of the hand that was not CTS, or CTS that was caused by an obvious anatomic factor such as rheumatoid synovitis or malunited distal radius fracture. No information was gathered about sleep position before the diagnosis and patient entry into the study. Each patient diagnosed with carpal tunnel syndrome completed the Katz-Stirrat Hand Diagram [14] , the CTS-6 probability instrument that has been reported by Graham [9, 10] and the CTS disease-specific symptom severity score that has been shortened and reported by Atroshi [3] . We used the shortened version of the severity instrument to reduce the burden on the research participants since symptom severity was not a major feature of our study. For clarity, we will refer to the probability instrument as the CTS6P and the severity instrument as the CTS6S. Cases were included in the primary analysis if they had a hand diagram score of "classic" or "probable".
Controls were chosen from a recent survey population as noted above. Patients presenting for care at the primary care setting were invited to complete a short data collection form that mirrored data collected for the cases. The hypothesis of the study was not indicated and could not be discerned in the data collection instrument. Patients from the survey population were included as controls if they had no history of waking at night due to numbness of the hand.
All cases and controls completed a data collection form requesting age, gender, height, weight, and preferred sleep position from a choice of "on the back", "on the front", "on the left side", or "on the right side". Patients indicated if they worked shift work, if they had diabetes, their smoking history, severity of back or neck pain, the cause of any sleep difficulties, and a short insomnia instrument. All data were collected and entered into Excel and transferred to PASW 18 for analysis.
Initially, descriptive statistics were performed to describe the sample population. Continuous demographics are reported as means and standard deviations, while categorical variables are expressed as percentages. To evaluate if the odds an individual sleeps on their side could be predicted by CTS, logistic regression models were developed in which sleep position was made a function of CTS, adjusting for BMI. Analysis was stratified by gender and age. In women, we initially stratified age into three groups: 0-29, 30-59, and >60; however, there were only two women with CTS less than 30 years old so the younger two groups were combined. In men, because of the smaller sample size we did not stratify by age.
Results
Cases Data were collected from 68 consecutive cases of CTS. This included three patients classified by the hand diagram as "unlikely" and two as "possible" who were excluded from the primary analysis. Twenty six cases were classified as "probable" and 36 as "classic" by the diagram yielding 62 cases of CTS, 16 men (mean age 51.1, SD 15.6) and 46 women (mean age 54.1, SD 12.0), for the analysis. One patient did not complete the diagram.
Controls One hundred and thirty eight primary care patients from the survey population, 103 women (mean age 45.1, SD 18.1) and 35 men (mean age 43.7, SD 14.1), were included as the control population. These patients had no symptoms of night waking due to numbness. As the survey required voluntary participation of the primary care patients to create the control group, it is likely that older women are over-represented in the control population. For this reason, and because age and gender are known associations with CTS and with sleeping on the side, the analysis is stratified by both gender and age.
All men (100%) with CTS reported their preferred sleep position was on their side. This represented a significant difference when compared to the control population (28.6%; p<0.001). In men, there was no association between the presence of CTS and BMI (Fig. 1) .
In women under the age of 60 years, the odds a woman sleeps on her side is significantly higher in patients with CTS compared to those without CTS (OR=8.7, 95% CI 1.9-39.4, p=0.05). When adjusted for BMI, the association between CTS and sleeping on the side in women less than 60 years old was still significant (OR=8.0, 95% CI 1.7-37.7, p=0.016). In addition, BMI was also significantly associated with the presence of CTS in women under the age of 60 years (p<0.001; Fig. 2 ). The relationship between CTS and sleeping on the side remained significant when the cutoff age for women was changed to 63 years and less.
In women aged 60 years and older, there was a significant association between the presence of CTS and BMI (28.1 vs. 32.8, OR 1.11, 95% CI 1.001-1.23, p= 0.048). In addition, nine of 14 (64.3%) women of age 60 years and older with CTS stated a preference for sleeping in a position on their side compared to 25 of 27 without CTS (OR=0.12, 95% CI 0.02-0.79, p<0.05). In women 60 years and older, there was a significant association between CTS and neck pain (p=0.016).
In the survey population with no waking at night due to numbness, 59.7% (83/139) of patients preferred to sleep on their side. In the survey population, 107 patients complained of night waking with numbness of their hands. Eighty one (75.7%) of those patients reported a preference for sleeping on the side. In patients diagnosed by the hand surgeon as CTS with a hand diagram rated as "unlikely" or "possible", four of five or 80% preferred to sleep on their side. This preference rate for sleeping on the side was 55 of 62 or 88.7% of the CTS patients rated as "classic" or "probable" on the hand diagram (Table 1) . We report the results of the CTS6P, CTS6S, and the insomnia data in another manuscript.
Discussion
We found a strong association between sleeping in a lateral position and the presence of CTS (Fig. 3) . This was most apparent in men. All men with CTS reported they preferred to sleep on their side. In women less than 60 years of age, there was a strong association between sleeping on the side and CTS. There was also an association between increased BMI and CTS in women less than 60 years of age and to a lesser degree in those women age 60 years and above.
There appears to be a complex relationship between gender, age, BMI, sleep position, and the development of CTS. It is not possible to prove with this study design if sleeping on the side is a causative factor in the development of CTS. In our opinion, however, given the findings of our study and considering the biology of CTS, we believe sleeping on the side is an important causal step in the development of CTS. Through our results, we have linked In men, all patients with CTS stated a preference for sleeping on their side. In this patient population of men, there was no association between BMI and the development of CTS. Based on our hypothesis, we believe that sleeping on the side increases the probability of wrist deviation, increasing the pressure in the carpal tunnel and compressing the median nerve. Since fewer men than women prefer to sleep on their side, the decreased risk for the development of CTS in men compared to women may be based on the decreased preference for sleeping on the side in men. It is interesting that although a lower proportion of men than women prefer to sleep on their side, all men with CTS did prefer that position.
In men, we did not find an association between BMI and the presence of CTS. Similar to many previously published studies, however, we have a small population of men so it is possible that an association between CTS and BMI in men might not be detected in our study. Other studies have found a significant association between BMI and CTS in men and women [7, 31] . Our initial hypothesis stated that increased BMI would be the stimulus for patients to sleep on their side so we expected to see an increased BMI and increased prevalence of preference for sleeping on the side in patients with CTS.
In women less than 60 years of age, there was a strong association between CTS, sleeping on the side, and BMI. The association is still present but to a lesser degree when BMI is controlled. From our data, we cannot state whether sleep position mediates the effect of BMI, the reverse, or if this is chance or confounding. Our initial hypothesis was that increased BMI causes people to sleep on their side. Our previous cross-sectional survey did not support this simple mechanism however. In addition, the absence of BMI as an associated characteristic of CTS in men suggests to us that BMI may have another mechanism of action other than as a determinant for sleeping on the side in the causation of CTS. We believe this may be evidence for the role of wrist morphology in the development of CTS and suggests another mechanism for the influence of increased BMI.
It has been noted that wrist morphology is associated with CTS [6, 8, 12] . The wrist ratio (WR), the ratio of the simple measurement of wrist height and width, is elevated in CTS patients and is also known to be higher in women compared to men [6] . We suggest that a higher WR increases the probability of compression of the median nerve with wrist deviation or may increase the probability of wrist deviation with sleep. MRI studies have shown reduced cross-sectional area of the carpal canal, especially distally, with wrist flexion [6] , and it has been repeatedly shown that pressure in the carpal canal increases with wrist deviation [30] . An increased WR may increase the effect of deviation of wrist position producing compression of the median nerve. This is a second potential mechanism to explain an increased prevalence of CTS in women. We believe increased BMI acts synergistically with increased WR to create compression of the median nerve with wrist flexion or extension. We believe men are somewhat protected from the influence of increased BMI by having a lower WR. We believe that sleeping in a lateral position increases the probability of wrist flexion or extension. The effect of increased WR is then realized and enhanced by increased BMI. In this way, increased BMI can be associated with CTS in men and women but we believe it will be more profound in women. This also provides a mechanism for the influence of any entity that increases the volume of the carpal tunnel.
We were surprised that older women with CTS related a preference for sleeping on their side less than the control population. The reason for this is not clear from our study. The proportion of elderly women who prefer to sleep on their side is high so a large sample will be required to evaluate this association in the elderly. Bland believes that CTS in the older population has a different pathophysiology than CTS in younger patients [4] . We did find that CTS in older women is significantly associated with neck pain. Neck pain could cause the patients to have a preference for sleep position other than on their side and could be a site of proximal nerve compression that further enables the development of distal compression. One elderly woman with CTS who stated a preference for sleeping on her back (and coded as such) wrote a note in the margin of her questionnaire that she truly preferred to sleep on her side but she could not as it would make her hands go numb! It is possible that patients with CTS may alter their sleep position to avoid wrist deviation although it is not clear why this would affect only the older population of women. We also note that the reporting of preferred sleep position other than on the side does not indicate the patient never sleeps in a lateral position. Kubota has shown that sleep position varies through the night with the stated preference representing the most assumed position [16] . There may be some women with wrist morphology who could develop significant compression of the nerve with lesser time spent in a wrist deviated position. Further, our hypothesis does not exclude the possibility that the median nerve can be compressed with other sleep positions.
Our theory is that sleeping on the side, which is related to age and gender, increases the probability of wrist deviation. Increased BMI and wrist morphology act in concert with wrist deviation to increase pressure on the median nerve. Our theory also integrates the possible causes of CTS not related to sleep. Sleep position is one cause of wrist deviation, causing increased pressure in the carpal tunnel. This could be enhanced by any other cause of increased pressure such as synovial swelling or a mass in the carpal tunnel. Theoretically our hypothesis can accommodate mechanisms of compression of work-induced CTS whether from lumbrical incursion, synovial swelling, or deviated wrist position at work. A synergistic mechanism of symptom development could be from increased susceptibility of the median nerve in the carpal tunnel as might be the case with diabetes or multiple level compression. This theory is the first to unify this group of previously seemingly disparate associations of CTS.
Our previous cross-sectional survey and the evaluation of the cases we have chosen give us the opportunity to perform further evaluation to check the veracity of our findings. If sleeping on the side is truly associated with CTS, the patient population with the lowest proportion of CTS patients will have the lowest rate of sleeping on the side and the "most pure" group of CTS patients will have the highest proportion of patients who prefer to sleep on the side. Table 1 shows the proportion of patients who reported they preferred to sleep on their side in each of these groups, stratified by probability of CTS. As the probability of CTS increases, the proportion of people who prefer to sleep on their side also increases. This supports our findings that sleeping on the side is truly associated with CTS.
We could have performed electrodiagnostic testing as a method to identify a population with a high probability of CTS. This would have required us to use personal identifiers to link the electrodiagnostic test with the other patient data and would require more intense IRB scrutiny and a higher level of logistic difficulty. It was our decision, strongly supported in the literature, that the history and physical examination, coupled with the hand diagram, would satisfy our requirements for diagnostic specificity [14] . We suggest the use of the hand diagram in all clinical studies of CTS to indicate the probability of disease.
Our study simply asked the participants to indicate their preferred sleep position. This has been studied in men by Kubota who found that the stated preference for sleep position is the position most assumed [16] . This study also noted the sleep position varied throughout the night so an indication of preferred sleep position on the side does not indicate this is the only position assumed during sleep and an indication of a preference for another position does not indicate the person never sleeps on the side. The stated preference for sleep position is a "noisy" measurement and further studies will require a large sample size to clarify some of our initial findings.
This study does not address work attribution of CTS except by indirectly supporting a general mechanism of causation. It seems logical that any position or activity that compresses the median nerve in the carpal tunnel to a degree that would cause numbness is a potential cause of CTS. We have provided evidence that sleeping on the side is one such activity and we believe it is an important causative factor.
